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Abstract 
Hydroxyapatite ceramics have been conventionally strengthened and toughened in the form of 
composites and coatings. New microstructural designs and processing methodologies are still 
needed for the improvement of the mechanical properties of hydroxyapatite based ceramics. This 
study was to prepare laminated and functionally graded hydroxyapatite (HA)/yttria stabilized 
tetragonal zirconia (Y-TZP) composites by the relatively new process of spark plasma sintering. 
The microstructure and the mechanical properties of the laminated and functionally graded 
composites were studied for possible orthopedic applications. It was found that the laminated and 
functionally graded HA/Y-TZP composites could be densified at 1200oC within 5 minutes by the 
spark plasma sintering process and the average HA grain size in the composite layers was reduced 
by half due to the well dispersed Y-TZP second phase. The HA phase in the composite layers was 
stable up to 1200 oC and the Y-TZP second phase remained the tetragonal zirconia (t-ZrO2) phase 
after being processed at the highest temperature of 1250 oC. The laminated and functionally graded 
HA/Y-TZP composites exhibited much improved mechanical properties compared with the pure 
HA ceramics; the bending strength of the composites reached about 200 MPa, the double of the 
strength of the pure HA ceramics. 
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1. Introduction 
 
Hydroxyapatite (Ca10(PO4)6(OH)2, HA) has favorable bioactive and osteoconductive properties that 
result in rapid bone formation in a host body and strong biological fixation to bony tissues [1, 2]. 
However, hydroxyapatite possesses low mechanical strength and fracture toughness, which is an 
obstacle to its applications in load-bearing situations [3]. The enhancement of the mechanical 
properties of hydroxyapatite would extend its scope of applications.  
 
One method of improving the mechanical properties of HA is the synthesis of composites made of 
HA and other phases such as zirconia (ZrO2) [4-7], metal fibres [8] and polymers [9]. However, 
these composites are homogenous in mechanical and biological properties and thus the strength of 
zirconia for example and the bioactivity of HA can not be fully utilized. Another way to improve 
the mechanical properties of HA is to use it as a coating on a strong biomaterial substrate such as 
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zirconia [10] or titanium alloy [11]. Although coatings on substrates can achieve the variation of 
properties, nearly all the conventional coating methods can not obtain reliable interfacial bonding. 
Although plasma sprayed coatings can result in sufficient interfacial bonding, they have the 
fundamental problem of HA phase decomposition due to the exceptionally high temperatures used 
[11]. 
 
Functionally graded materials (FGMs) as new materials have recently attracted much attention. A 
FGM is obtained by varying the composition from one side of the material to the other side either 
continuously or stepwise. The latter is tentatively called laminated and functionally graded 
composite in this paper. FGMs allow the achievement of varied properties unlike uniform 
composites. FGMs can also be made into bulky specimens with strong interfacial bonding and 
reduced thermal stresses unlike coatings on substrates. As a biomaterials, a bulky HA/Ti 
functionally graded composite was prepared by a powder metallurgy method [12]. Functionally 
graded tricalcium phosphate/ fluoroapatite composites were also prepared to combine the bioactive 
fluoroapatite with the bioresorbable tricalcium phosphate [13].  
 
Although there have been intensive studies on the HA-zirconia composites and the HA coatings, the 
laminated and functionally graded HA/zirconia composites are rarely studied and characterized 
[14]. Although sintering [15], hot pressing [14], and hot isostatic pressing [16] have been used for 
the preparation of the HA-zirconia composites, spark plasma sintering (SPS) as an emerging 
densification method has been rarely used for the HA-zirconia composites, needless to say the 
laminated and functionally graded HA/zirconia composites. However, spark plasma sintering was 
considered in this study to be suitable for the laminated and functionally graded HA/zirconia 
composites, since SPS makes possible sintering at lower temperatures and shorter duration due to 
the special way of heating involved - charging the intervals among powder particles with electrical 
energy [17].  
 
Therefore, this study aimed to fabricate the laminated and functionally graded HA/Y-TZP 
composites by means of the spark plasma sintering, which had not been used before for the said 
composites. The study also aimed at detailed characterization of the spark plasma sintered 
laminated and functionally graded HA/Y-TZP composites using transmission electron microscopy 
(TEM) and three-point bending strength test, for example. The laminated and functionally graded 
HA/Y-TZP composites could be designed as a strong Y-TZP core-bioactive HA layer structure, a 
non-symmetric Y-TZP layer to HA later structure or a bioactive HA core-strong Y-TZP layer 
structure. The latter was particularly used due to the absence of surface microcracking in the 
prepared composites and after being cut, the prepared bulky composites were expected to be useful 
for dental implants in the form of either blades (plates), cylinders or screws. 
 
 
2. Materials and methods 
 
Hydroxyapatite (HA) and yttria stabilized tetragonal zirconia (Y-TZP) powders were the two main 
starting materials used in the study. The HA powder (E. Merck, D-6100 Darmstadt, Germany) was 
in the form of micron-sized agglomerates of nano-sized primary particles. To modify the as-
supplied HA powder, calcination at 900 oC for 1 hour in air was carried out to obtain submicron-
sized HA particles. On the other hand, a commercial Y-TZP (ZrO2-8wt% Y2O3) powder (Aldrich, 
F. W. 123.22, USA) with submicron-sized particles and 99.5% purity was used in the as-provided 
state. The HA and Y-TZP powders were then mixed by ball milling to obtain 4 mixtures with 
compositions of 10, 20, 30 and 40 wt. % Y-TZP, respectively. Multi-layered green compacts with 
the design shown in Fig. 1 were then prepared by loading proper amounts of the mixtures into a 
steel die with a diameter of 29 mm, followed by uniaxial pressing under the pressure of 20 MPa. 
Each layer in the green compacts was around 1 mm thick, for instance, which led to finally 
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densified disks about 10 mm thick and with nine layers. Depending on final uses, the individual 
layer thickness could be adjusted. For comparison, pure HA green compacts were also prepared. 
 
The HA/Y-TZP graded compacts were subsequently densified by the spark plasma sintering process 
on an SPS-1050 system (Sumitomo Coal Mining, Japan), as shown in Fig. 2. Specifically, the 
compacts were individually loaded in a graphite die (30 mm in diameter), followed by applying a 
low level of initial pressure. With the vacuum level of the chamber set at 4.5 Pa, the compacts were 
heated rapidly (100 oC/ min) by a 30 second pulsed electrical discharge (5 V and 2000 A). The 
actual densification of the compacts took place at 1100 oC, 1150 oC, 1200 oC and 1250 oC, 
respectively. During the high temperature holding periods (5 min. and 20 min., respectively), a high 
pressure of 30 MPa was maintained.  After keeping the compacts at the above temperatures for 5 
min or 20 min, the densified samples were cooled to the room temperature at a cooling rate of 
around 100 oC/ min.  For comparison, some pure HA compacts were also produced by the spark 
plasma sintering at 950 oC, 1000oC and 1050 oC for 5min, respectively.  
 
To conduct the microstructural characterization of the graded composites using a scanning electron 
microscope (SEM, JEOL JSM-5410) and a field emission scanning electron microscope (FESEM, 
JEOL JSM-6340F), specimens of the composites were cut, ground, polished and etched in a 10% 
citric acid solution for 1 min, followed by coating with a conductive gold film. Fractured surfaces 
and as-polished samples were also prepared for microstructural characterization. Phase analysis 
using a Shimadzu X-ray diffractometer with the Cu-Kα radiation generated at 50 KV and 20 mA 
was carried out to determine the phase stability of the HA and the Y-TZP phases in the graded 
composites. For comparison, a green compact of HA-40%Y-TZP mixture was dry pressed and used 
for the XRD analysis. Transmission electron microscope (TEM, JEOL JEM-2010) was also used 
for microstructural observation on uncoated thin foils, which were prepared by the common 
procedures, namely, sectioning, disk cutting, grinding, dimpling, polishing, and ion beam thinning.  
 
Knoop hardness measurements using a Shimadzu HMV-2000 microhardness tester were performed 
on the polished cross-sections of the HA/Y-TZP graded composites to study the microhardness 
distribution across the composites. A test load of 0.3 kg and a holding time of 15 seconds (ASTM 
E384) were used in the measurements. The Knoop hardness Hk is expressed as [18]:  
214229 d
LH K =                                                                (1) 
where L is the load with a unit of Newton, N and d with a unit of micron is the longer diagonal of 
the indentation. 
The Knoop hardness tester was also used to determine the distribution of Young’s modulus (E) 
across the graded composites. The Young’s modulus can be calculated using the following equation 
[19]: 
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where b’/a’ is the indent diagonal ratio after elastic recovery or after the indentation, b/a is the ratio 
of the Knoop indenter dimensions (= 1/7.11) and α is a constant with a value of 0.45.                                            
 
The three-point bending strength of the graded composites was determined on an Instron 4206 
tensile tester (CA MA, USA) using a cross-head speed of 0.5 mm/min. Rectangular test bars with 
dimensions of 25mm×5mm×3mm were cut, ground, and polished for the three-point bending tests. 
The bar surfaces experiencing the tensile stresses were parallel to the pressing direction of the spark 
plasma sintering. The bending strength was finally calculated based on the following equation:  
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where σ  denotes the bending strength, P denotes the applied load, and L, b and d are the span 
length, the width and the thickness of the test specimen, respectively. 
 
 
3. Results 
 
3.1. Microstructure of the HA/Y-TZP functionally graded composites 
Fig. 3 shows the XRD patterns of a green compact of the HA-40% Y-TZP mixture, and the HA + 
40% Y-TZP layer of the HA/Y-TZP functionally graded composites spark plasma sintered at 
1100oC for 20min, 1200oC for 5 min, and 1250oC for 5min, respectively. The green compact 
basically consisted of tetragonal zirconia (t-ZrO2) phase and HA phase. With the sintering 
temperature varying from 1100 oC to 1250 oC, the t-ZrO2 phase did not change into other phases. 
On the other hand, HA was stable up to 1200oC, above which alpha tricalcium phosphate (α-TCP) 
phase was transformed from the HA phase. In fact, at 1250oC, the intensity of the α-TCP peaks was 
significant compared with that of the HA peaks. Fig. 4 is a back scattering electron (BSE) 
micrograph of a cross-section of the HA/Y-TZP functionally graded composite sintered at 1200 oC 
for 5 min. A typical multi-layered structure can be seen in the micrograph, with the thickness of 
each layer being about 500 μm. The pure HA layer is grayish and the HA/Y-TZP layers become 
darker and darker with the increasing weight percentage of the Y-TZP component. The layers are 
well defined with straight interfaces, and no significant residual porosity can be observed on the 
layer interfaces. The adjacent layers of the graded composites were firmly bonded to each other so 
that no delamination occurred even during the cutting and grinding operations. 
 
Fig. 5 is a high magnification SEM micrograph of the HA + 40% Y-TZP layer of the functionally 
graded composite sintered at 1200 oC. From the micrograph one can see that the t-ZrO2 phase 
(white spots) is uniformly dispersed in the HA matrix. The HA + 40% Y-TZP layer is also very 
dense, since large pores are not found on the finely polished surface of the composite layer. Fig. 6 
shows the SEM image of a cross-section of the interfacial region between the pure HA layer and the 
HA+10% Y-TZP layer of the graded composite sintered at 1200oC. It can be seen that the HA 
grains of the pure HA layer grew up to around 10 μm after the spark plasma sintering. In contrast, 
the HA grains in the HA+10% Y-TZP layer had an average grain size of less than 5 μm, which was 
much smaller than that of the HA grains in the pure HA layer. In addition, the size of the t-ZrO2 
phase was much smaller than the HA grain size, and the t-ZrO2 phase or grains were mostly located 
on the grain boundaries and also within the grains of the HA matrix. Some microcracks are 
observed along the grain boundaries in the composite layer and also casually in the pure HA layer. 
 
A local surface area of the sample used for the Fig. 6 was observed at a higher magnification using 
the FE-SEM and the resultant micrograph is shown in Fig. 7.  Due to the low accelerating voltage of 
5 kV and the gold coating used, the t-ZrO2 grains do not appear to be white in color. Some 
microcracks can be observed in the HA matrix around the t-ZrO2 grains. The microcracks are an 
indication of the residual thermal stresses occurring during the sintering process. A bright field 
TEM image of the microstructure of the HA+10% Y-TZP layer is shown in Fig. 8. As can be seen, 
the equiaxial t-ZrO2 grains with grain sizes around 500 nm are closely jointed to the HA grains (Fig. 
8(a)). No glass phase was present and no microcracks were around the small t-ZrO2 grains. A local 
area of the sample for the Fig. 8(a) at a higher magnification is shown in Fig. 8 (b). A black thin 
layer with an average thickness of less than 10 nm can be seen at the interface between the t-ZrO2 
grain and the HA grain. The black thin layer (not a crack at all) was identified as the CaZrO3 phase 
which could not be detected by XRD due to the resolution limitation and was formed by the 
reaction of HA with ZrO2.  
 
3.2.  Mechanical properties of the HA/Y-TZP functionally graded composites 
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The Knoop hardness and the Young’s modulus of the HA/Y-TZP functionally graded composites 
spark plasma sintered under different conditions are shown in Fig. 9 and Fig. 10, respectively. The 
Knoop hardness and the Young’s modulus of the pure HA layer were about 5 GPa and 100 GPa, 
respectively, while the HA/Y-TZP layers had much higher Knoop hardness and Young’s modulus 
than those of the pure HA layer. With the Y-TZP percentage being increased up to 40%, the Knoop 
hardness and the Young's modulus increased gradually to about 8 GPa and 160 GPa, respectively. 
Furthermore, the composites sintered at 1200 oC exhibited higher mechanical properties than those 
sintered at 1100 oC. Thus, the addition of Y-TZP to HA could remarkably enhance the mechanical 
properties of the pure HA ceramics. Fig. 11 is a comparison of the bending strengths of the pure HA 
ceramics and the HA/Y-TZP graded composites spark plasma sintered at different temperatures. 
The pure HA ceramics sintered at 950 oC to 1050 oC exhibited bending strengths of 85 ~110 MPa, 
whereas the HA/Y-TZP graded composites showed much improved bending strengths about 180 
MPa. 
 
Fig. 12 shows the crack patterns generated by a Vickers’s indenter (MXT 70) in the HA+40% Y-
TZP layer and near the interface between the HA+40% Y-TZP layer and the HA+30% Y-TZP 
layer. The short cracks were parallel to the disk or the layer thickness direction, which suggests a 
residual compressive stress in the direction perpendicular to the layer thickness direction.  Fig. 13 
shows a fracture surface of part of the HA/Y-TZP graded composite spark plasma sintered at 1200 
oC. The pure HA layer is featured with large grains and transgranular fracture, whereas the 
HA+10% Y-TZP layer is featured with reduced HA grain size, dispersed zirconia grains, and some 
cavities as a result of the grain pull-out.  
 
 
4. Discussion 
 
4.1. Microstructural development 
Synthetic hydroxyapatite powders can be pressureless sintered in air to full density without 
significant phase decomposition. The addition of zirconia to hydroxyapatite for the improvement of 
mechanical properties, however, poses the problems of densification retardation and HA phase 
decomposition. Over the last decade or so, lots of studies have been carried out to understand the 
decomposition mechanisms and to find ways to overcome the problems. For instances, different 
sizes (including nano-size [20] ) and shapes [21, 22] of zirconia and hydroxyapatite powders have 
been used. The zirconia components used include yttria stabilized zirconia, calcia stabilized 
zirconia, and magnesia stabilized zirconia [15, 22]. Additives such as CaO [15] and CaF2 [23] have 
been used for suppressing phase decomposition and as sintering aids. In addition to conventional 
sintering in air, sintering in a humid environment [15] and sintering under pressure (e.g., hot 
pressing [14] ) have been tried. The current spark plasma sintering for the HA/ Y-TZP composite 
system was a further effort to improve the structures and properties. 
 
Based on previously reported studies [14, 15] and the current experimental results, the following 
reactions can be proposed. Under the current conditions, a small amount of HA suffered from 
decomposition: 
Ca10(PO4)6(OH)2 → 3 β-Ca3(PO4)2 + CaO + H2O         (4) 
Both the β-Ca3(PO4)2 and the CaO phases were intermediate reaction products, since XRD did not 
detect these phases (Fig. 3). On the other hand, the Y-TZP phase remained tetragonal zirconia phase 
except for some Y-TZP, which reacted with the intermediate products, thus, 
CaO + Y-doped ZrO2 (tetragonal) → Ca,Y-doped ZrO2 (tetragonal)                    (5) 
CaO + Y-doped ZrO2 (tetragonal) → 3β-Ca3(PO4)2   + Y-doped CaZrO3              (6) 
 
Although XRD did not detect the presence of the Y-doped CaZrO3 phase due to its small amount 
(Fig. 3), TEM revealed the presence of such a phase on the phase boundaries (Fig. 8). Finally, the 
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current XRD only showed the presence of α Ca3(PO4)2 phase, thus the β- to α-Ca3(PO4)2  phase 
transformation had occurred: 
3 β-Ca3(PO4)2  → 3 α-Ca3(PO4)2                                           (7) 
Thus, the reason is clear why in our prepared composites, only small amounts of alpha tricalcium 
phosphate phase and Y-doped CaZrO3 were present; the rest main phases were hydroxyapatite and 
yttria stabilized tetragonal zirconia. The limited decomposition and reactions occurring in the 
current study were attributed to the pressing pressure, the short times, and the low temperatures 
used in the spark plasma sintering, which was able to densify the mixed powder compacts 
effectively. The fast and high densification tended to suppress the decomposition since the 
evaporation of H2O vapor was suppressed when it was in closed pores or in fully dense samples. 
 
For the HA/Y-TZP graded composites, the Y-TZP particles were uniformly dispersed in and 
isolated by the HA matrices. During the spark plasma sintering, the Y-TZP phase showed a low rate 
of grain growth and the grain growth of the HA phase was hindered by the Y-TZP grains through 
the grain boundary pinning mechanism. The decreased grain sizes of HA ceramics and the 
associated microcrack sizes (Fig. 5, Fig. 6, and Fig. 13) led to the increase of the mechanical 
strengths (Fig. 11). In addition, Fig. 5, Fig. 6, and Fig. 13 show a large number of t-ZrO2 grains that 
reached the sizes of ~ 1 μm.  Such grains could result in the well-known t- to m- ZrO2 phase 
transformation during the fracture process of the mechanical testing. Such a phase transformation 
could also contribute to the increase of the mechanical strength of the composites according to the 
well-known t- to m- ZrO2 phase transformation toughening mechanism.    
 
4.2. Microcracking and thermal stresses 
Thermal stresses resulting from a cooling process from a high temperature to the room temperature 
are commonly present in either composites or coatings. The current laminated and functionally 
graded HA/ Y-TZP composites also should have thermal stresses, as the individual layer was an 
HA/Y-TZP composite and the interface between adjacent layers was like a coating-substrate 
interface. Fig. 7 showed the presence of microcracks along the HA-HA grain boundaries and the 
HA/Y-TZP grain boundaries, and the transgranular microcracks within the HA grains. The 
microcracks are the direct evidence of thermal stresses present. The microcracks along the HA-HA 
boundaries were mainly due to the anisotropic thermal expansion coefficients of the HA single 
crystals and the thermal stresses due to the aniostropic thermal expansions were dependent on the 
thermal expansion coefficients and the grain sizes of HA. As to the microcracks along the HA/Y-
TZP phase boundaries, they were mainly caused by the anisotropic thermal expansions of the 
individual grains and the difference in thermal expansion coefficient of the different phases (αHA ≈ 
16.9×10-6 oC-1, αY-TZP ≈ 10 ×10-6 oC-1[8]). The transgranular microcracks in the HA grains (Fig. 6 
and Fig. 7) were due to the lower mechanical strength of HA than that of Y-TZP. A tensile stress in 
the HA can be easily imaged if one considers the simple model of an Y-TZP inclusion surrounded 
by a HA spherical layer. Due to the difference of thermal expansion coefficients, during cooling a 
tensile stress tends to be developed in the HA layer, i.e. in the HA grains. In spite of the presence of 
microcracks, the sizes of the microcracks were in the range of the grain sizes. Since the addition of 
zirconia had significant effect on the reduction of the HA grain sizes (Fig. 6 and Fig. 13), thus the 
microcrack sizes in the composites were much smaller than the pure HA ceramics, which can 
explain the strength improvement of the composites compared with the pure HA ceramics (Fig. 11). 
 
The presence of microcracks and thermal stresses in laminated materials is also common. For a 
simple model of a bilayer structure, the layer with a higher thermal expansion coefficient α1 will 
experience a tensile stress during cooling, whereas the layer with a lower thermal expansion 
coefficient α2 will experience a compressive stress. The stress levels in either layer are proportional 
to the product of temperature change ΔT during cooling and the difference of the thermal expansion 
coefficients Δα (= α1 - α2) [24]. When the tensile stress is higher than the fracture strength of the 
layer concerned, microcracks will be produced. In the present study, adjacent layers had stepwise 
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and graded composition change, which was designed to decrease the difference of the thermal 
expansion coefficients Δα between the adjacent layers, and thus to minimize the thermal stresses.  
However, it was impossible to totally eliminate the presence of the thermal stresses.  This can be 
seen from Fig. 12, where the short pair of cracks could be the result of a compressive stress 
perpendicular to the crack extending direction. This compressive stress in the HA+40%Y-TZP 
composite layer can be understood because the layer is expected to have a lower thermal expansion 
coefficient than the adjacent HA+30%Y-TZP composite layer.  
 
Microcracking and thermal stresses were found in similar multilayered hydroxyapatite/zirconia 
composites, which were prepared by hot pressing rather than by spark plasma sintering [14]. 
Specifically in that case, microcracks were found on the outermost pure HA layer at the end of a 
pressed disk rather than the outermost zirconia layer on the other end of the pressed disk. The 
microcracks in the HA layer were parallel to the pressing direction used to densify the disk. The 
reason for the formation of the microcracks was said to be due to the large grain sizes obtained in 
the HA layer. According to the current analysis, a tensile stress could have been developed in the 
HA layer due to its higher thermal expansion coefficient than that of the zirconia layer, thus causing 
the microcracking in the HA layer. The significant difference between our study and the Matsuno's 
was the design and arrangement of the individual layers. In our case, the pure HA layer was the 
middle layer and the HA+40%Y-TZP layers were on the both ends of a prepared disk. Thus 
compressive stresses were developed on the both ends of the disks and there were no long 
microcracks seen in our spark plasma sintered samples. 
 
 
5. Conclusions 
 
Functionally graded composites, consisting of nine layers of bioactive HA (100∼60wt. %) and 
strong Y-TZP (0∼40wt. %) were prepared by means of spark plasma sintering. The microstructure 
and the mechanical properties of the composites were studied and the results are summarized as 
follows:  
 
(1) HA/Y-TZP functionally graded composites were densified at 1200oC within 5 minutes by the 
spark plasma sintering process and equiaxial Y-TZP grains were uniformly dispersed in the HA 
matrices. The average grain size of HA in the HA-10%Y-TZP layer was reduced by half 
compared with that in the pure HA layer, indicating the function of the Y-TZP phase as an HA 
grain growth inhibitor. 
 
(2) There was no phase change of HA in the composites sintered at 1100 oC, however, HA started 
to decompose into α-TCP at 1200oC. On the other hand, the Y-TZP remained the t-ZrO2 phase 
even after the maximum temperature 1250 oC used. A thin layer of CaZrO3 phase was found on 
the interfaces between HA grains and zirconia grains. 
 
(3) HA/ Y-TZP functionally graded composites showed remarkable improvement in mechanical 
property compared with pure HA ceramics. The microhardness and the Young's modulus 
increased stepwise from the pure HA layer to the HA + 40 wt% Y-TZP layer across the HA/ Y-
TZP functionally graded composites. The bending strength of the composites spark plasma 
sintered at 1200oC reached 200 MPa, which was the double of the strength of the pure HA 
ceramics.  
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Figure captions 
 
 
Fig. 1.  Schematic diagram showing a cross-section of a disk specimen of the HA/Y-TZP 
functionally graded composite consisting of symmetric layers with graded compositions. 
 
Fig. 2.  Schematic representation of the spark plasma sintering system with direct current (DC) 
electrical discharge. 
 
Fig. 3. XRD patterns of the green compact of the HA+40%Y-TZP mixture (a), and the HA+40%Y-
TZP layers of the HA/Y-TZP functionally graded composites spark plasma sintered at 1100oC (b), 
1200oC (c) and 1250oC (d). 
 
Fig. 4. BSE image of the HA/Y-TZP functionally graded composite spark plasma sintered at 
1200oC for 5min. 
 
Fig. 5. SEM micrograph of the HA+40%Y-TZP layer of the HA/Y-TZP functionally graded 
composite spark plasma sintered at 1200 oC for 5 min. 
 
Fig. 6.  SEM micrograph of the interface between the pure HA layer and the HA+10%Y-TZP layer 
of the HA/Y-TZP functionally graded composite spark plasma sintered at 1200 oC for 5 min. 
 
Fig. 7.  Field emission SEM micrograph of the polished HA+10%Y-TZP layer of the HA/Y-TZP 
functionally graded composite spark plasma sintered at 1200 oC for 5 min. 
 
Fig. 8.  TEM bright field images of the HA/Y-TZP functionally graded composite spark plasma 
sintered at 1200oC for 5min: (a) HA+10%Y-TZP layer; (b) HA/Y-TZP interface. 
 
Fig. 9.  Microhardness as a function of Y-TZP content for the HA/Y-TZP functionally graded 
composites spark plasma sintered at 1100 oC for 20min and 1200oC for 5min, respectively.  
 
Fig. 10.  Young’s modulus as a function of Y-TZP content for the HA/Y-TZP functionally graded 
composites spark plasma sintered at 1100oC for 20min and 1200oC for 5min, respectively.  
 
Fig. 11. Bending strength of pure HA ceramics and HA/Y-TZP functionally graded composites 
spark plasma sintered at different sintering temperatures. 
 
Fig. 12. SEM micrograph showing the preferential propagation of the indentation cracks in the 
direction parallel to the layer plane and in the HA+40%Y-TZP layer.  
 
Fig. 13.  SEM micrograph of a fracture surface of the HA/Y-TZP functionally graded composite 
spark plasma sintered at 1200oC. 
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Fig. 1.  Schematic diagram showing a cross-section of a disk specimen of the HA/Y-TZP 
functionally graded composite consisting of symmetric layers with graded compositions. 
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Fig. 2.   Schematic representation of the spark plasma sintering system with direct current (DC) 
electrical discharge. 
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Fig. 3. XRD patterns of the green compact of the HA+40%Y-TZP mixture (a), and the HA+40%Y-
TZP layers of the HA/Y-TZP functionally graded composites spark plasma sintered at 1100oC (b), 
1200oC (c) and 1250oC (d).  
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Fig.4.  BSE image of the HA/Y-TZP functionally graded composite spark plasma sintered at 
1200oC for 5min. 
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Fig. 5.  SEM micrograph of the HA+40%Y-TZP layer of the HA/Y-TZP functionally graded 
composite spark plasma sintered at 1200 oC for 5 min. 
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Fig. 6.  SEM micrograph of the interface between the pure HA layer and the HA+10%Y-TZP layer 
of the HA/Y-TZP functionally graded composite spark plasma  
sintered at 1200 oC for 5 min.  
 
 
Fig. 7.  Field emission SEM micrograph of the polished HA+10%Y-TZP layer of the HA/Y-TZP 
functionally graded composite spark plasma sintered at 1200 oC for 5 min. 
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Fig. 8.  TEM bright field images of the HA/Y-TZP functionally graded composite spark plasma 
sintered at 1200oC for 5min:  
(a) HA+10%Y-TZP layer; (b) HA/Y-TZP interface. 
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Fig. 9.  Microhardness as a function of Y-TZP content for the HA/Y-TZP functionally graded 
composites spark plasma sintered at 1100 oC for 20min and 1200oC for 5min, respectively.  
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Fig. 10.  Young’s modulus as a function of Y-TZP content for the HA/Y-TZP functionally graded 
composites spark plasma sintered at 1100oC for 20min and 1200oC for 5min, respectively.  
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Fig. 11.  Bending strength of pure HA ceramics and HA/Y-TZP functionally graded composites 
spark plasma sintered at different sintering temperatures. 
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Fig. 12. SEM micrograph showing the preferential propagation of the indentation cracks in the 
direction parallel to the layer plane and in the HA+40%Y-TZP layer. 
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Fig. 13.  SEM micrograph of a fracture surface of the HA/Y-TZP functionally graded composite 
spark plasma sintered at 1200oC. 
 
